Cysteine-rich secretory protein-3 (CRISP-3) and some of its nonsynonymous polymorphism have been related to the fertility and freezability of stallion semen; however, the role of the CRISP-3 gene and its seminal plasma protein in the raw semen quality is still unknown. The aim of this study was to evaluate the relationship of CRISP-3 with semen quality in stallions. DNA was obtained from blood samples of 100 stallions, from which 30 stallions were randomly selected to obtain 60 ejaculates. Through PCR amplification and sequencing, the variation of four nonsynonymous SNPs from CRISP-3 was identified and haplotypes were derived. Semen quality was assessed through the total motility (MOT), sperm vitality (SV), normal morphology (NM), functional integrity of membrane (MI) and a seminal quality index (SQi).
| INTRODUC TI ON
Stallion seminal plasma (SP) has a variety of proteins that play an important role in fertility. It is known that the protein content of SP from subfertile stallions is lower than in fertile stallions (Guasti et al., 2014) . Among these proteins, eight horse seminal plasma proteins (HSP-1 to HSP-8) with low molecular mass (14-30 kDa) have been characterized, which, with the exception of HSP-4, attach to the sperm surface at the time of ejaculation (Calvete et al., 1994) . Some of these proteins have gained importance because they have been directly related to stallion fertility. HSP-1 and HSP-2 accounted for 70%-80% of the total protein and were considered modulators of capacitation (Rodríguez-Martínez, Kvist, Ernerudh, Sanz, & Calvete, 2011) . Additionally, it is known that these proteins have a chaperonelike activity and protect a variety of target proteins against thermal and chemical stress conditions, which could reduce the detrimental effects on motility and function of spermatozoa (Kumar & Swamy, 2016) . However, different studies have turned their attention to the cysteine-rich secretory protein (CRISP) family, due to the increasing evidence that indicates substantial roles of CRISPs, expressed in the male genital tract and secreted into the SP, where they may bind to the surface of spermatozoa (Hamann et al., 2007; Udby et al., 2005) . Mainly, the CRISP-3 protein (HSP-3) has been evaluated, which is characterized by a high content of cysteine residues (16 of a total of 220-230 amino acids) that forms eight intramolecular disulphide bonds (Udby et al., 2005) . In equines, CRISP-3 differs from other species in the concentration synthesized and the localization of its expression, because stallion CRISP-3 is primarily located in the glandular aspects of both the ampulla of vas deferens and the seminal vesicles (Fedorka, Scoggin, Squires, Ball, & Troedsson, 2017) . It is well known that CRISP-3 protein in stallion SP suppresses polymorphonuclear sperm binding, suggesting that this protein regulates sperm elimination from the female reproductive tract (Doty et al., 2011) , while a proteomic study has shown a positive association of the CRISP-3 protein with the stallion semen freezability (Jobim et al., 2011) . Moreover, nonsynonymous polymorphism of CRISP-3 gene has been found to correlate with first-cycle conception rates in stallions (Hamann et al., 2007) , and we have recently reported a relationship between CRISP-3 genotype and seminal plasma protein and post-thawing semen quality in stallions (Usuga, Rojano, & Restrepo, 2018) . Additionally, a recent genomewide association study for semen quality traits included the CRISP-3 gene among the candidate genes influencing stallion fertility (Gottschalk, Metzger, Martinsson, Sieme, & Distl, 2016) . However, the role of the CRISP-3 gene through the expression of its protein in the SP of raw semen quality is still unknown. Therefore, this study aimed to evaluate the relationship of CRISP-3 with semen quality in stallions.
| MATERIAL S AND ME THODS

| Sample collection
DNA was obtained from blood samples of 100 Colombian Creole stallions (Equus caballus), located in Antioquia, Colombia. For their collection, a puncture was made in the jugular vein under complete aseptic conditions, and a tube containing anticoagulant (EDTA) was used. Blood samples were transported at temperature of 4°C. From these animals, 30 stallions were randomly selected to collect two ejaculates (sperm fraction) per animal, for a total of 60 ejaculates.
The age of the animals ranged from 5 to 8 years. The body condition score of the stallions ranged from 6 to 7 in a scale range from 1 to 9, being 3 or less, extremely thin and between 8 and 9, obese.
Semen samples were collected from them at least once a week, and their fertility was confirmed by their living offspring. For semen collection, a Missouri model (Minitube, Tiefenbach, Germany) artificial vagina (AV) lubricated with nonspermicidal gel and a mare were used. The gel fraction of the ejaculate was removed by the filter of AV. Sperm cell concentration was counted in a drop of fresh semen using a photometer (Spermacue ® , Minitube, Tiefenbach, Germany), and sperm motility was determined subjectively under an Eclipse E200 phase contrast microscope (Nikon Inc., Tokyo, Japan 
| Semen evaluation
Total motility (MOT) was assessed using an Eclipse E200 phase contrast microscope (Nikon Inc., Tokyo, Japan), obtaining the average of five observation fields. Sperm vitality (SV) was determined with the Live/Dead Kit (Molecular Probes Inc., Oregon, USA) according to Gamboa, Rodrigues, Henriques, Batista, and Ramalho-Santos (2010) . was assessed using the modified eosin-nigrosin test (Brito, Greene, Kelleman, Knobbe, & Turner, 2011) . A droplet of semen and a droplet of eosin-nigrosin (Sigma-Aldrich, St. Louis, USA) were placed on a microscope slide, mixed, smeared, and placed on a warming plate at 37°C. Subsequently, 200 spermatozoa were assessed individually under an Eclipse E200 phase contrast microscope (Nikon Inc., Tokyo, Japan). Functional integrity of the cell membrane (MI) of the spermatozoa was assessed using the hypo-osmotic swelling test (HOS) according to Neild et al. (1999) . To achieve a concentration of 100 mOsmol/L, exactly 100 µl of semen was added to a tube with 500 µl of a hypo-osmotic sucrose solution (5.4%). This mixture was incubated at 38.5°C for 30 min. Then 200 spermatozoa were evaluated using an Eclipse E200 phase contrast microscope (Nikon Inc., Tokyo, Japan). The seminal quality index (SQi) was calculated according to the following formula: SQi = ∑Sp/100n, where Sp is a sperm parameter and n is the number of parameters. The sperm parameters included were MOT, SV, NM and MI. Values for SQi ranged between 0 and 1, where SQ = 1 represents the maximum level of sperm quality (Ortiz et al., 2013) .
| SNP evaluation
Genomic DNA was extracted from blood using the DNeasy Blood & Tissue Kit (250; Qiagen, Hilden, Germany). SNPs within the equine CRISP-3 gene, included in this study, were CRISP3c.+199A>G
CRISP3c.+716A>G (SNP4), previously reported by Hamann et al. (2007) . To identify the SNPs variation, interest regions were PCR-amplified and directly sequenced. Primers were designed using publicly available equine genomic sequences (AJ459965; Giese et al., 2002) .
Primer sequences and PCR conditions were defined according to Usuga et al. (2018) . PCR products were verified by electrophoresis (2% agarose gel). DNA sequences were analysed with Sequencher 4.10.1 software (Gene Codes Corporation, Ann Arbor, Michigan, USA). For each polymorphism, the allelic and genotype frequencies were determined as reported by Hartl (2000) . Haplotypes were derived from the different combinations of the genotypic frequencies.
| CRISP-3 protein assessment
CRISP-3 protein content of SP was determined by ELISA (enzymelinked immunosorbent assay), using Horse CRISP-3 ELISA Kit (MBS905052; MyBiosource Inc., San Diego, USA). A sample of 10 ml of each ejaculate was centrifuged for 15 min at 800 g (Ultra-8V, LW Scientific) in order to recover the SP, which was transported at 5°C.
SP was recentrifuged for 10 min at 3,400 g (Mikro 220R, Hettich, Germany, radius of rotation: 8.5 cm) and stored at −20°C for a minimum of 24 hr before freeze-drying. Lyophilization of SP was carried out using a modified protocol described by Gianaroli et al. (2012) .
Furthermore, samples were put inside a freeze-drying machine 
| Statistical analysis
A generalized linear model (GLM) was fitted for each semen quality parameter (dependent variable). To evaluate the relationship between the semen quality and the concentration of CRISP-3 protein, a quartile distribution of the results for CRISP-3 was calculated, from which three levels (low, medium and high) were established. In each statistical model, the fixed effects of the ejaculate, nested within the equine, the genotype for each SNP, the haplotype and the level of CRISP-3 were included. Means between genotypes for each SNP, haplotypes and CRISP-3 levels were compared using Tukey's test.
To evaluate the allele substitution effect, a linear regression model was used and means were evaluated. Given the use of parametric tests, data normality was assessed with the Shapiro-Wilk test. The significance level used for all assessments was p < 0.05. All analyses were conducted using SAS version 9.2. software (SAS Inst. Inc., Cary, NC; Usuga et al., 2018) .
| RE SULTS
Seminal quality results of 30 Colombian Creole stallions are presented in Table 1 . The highest levels of variability among the seminal quality parameters were found for volume, concentration and NM.
Results of the allele and genotype frequencies of the nonsynonymous SNPs are described in Table 2 . All possible alleles and genotypes for the polymorphisms evaluated were present in the study population. Table 3 shows the effect of the CRISP-3 genotype for the different polymorphisms on seminal quality. In all the SNPs, an effect of the genotype on MOT and SV was observed; SNP2, SNP3 and SNP4
had effect on MI, while only SNP1 showed effect on NM (p < 0.05).
In other words, homozygous genotypes for SNP1, SNP2 and SNP3 and the heterozygous genotype for SNP4 showed a positive effect on different parameters of seminal quality. The SQi was higher for the homozygous genotypes of SNP1 (AA and GG), SNP2 (AA) and SNP3 (AA), as well as for the heterozygous genotype of SNP4 (AG).
From the genotypes found for each SNP of CRISP-3, the effect of 17 resulting haplotypes on seminal quality was evaluated (Table 4 ).
The highest means of MOT were found for haplotypes 8, 9, 14, 15 Table 5 ).
The mean for the CRISP-3 protein in the SP was 55.2 ± 8.1 ng/mg of lyophilized SP. The relation between the level of CRISP-3 protein (high, medium and low) on semen quality parameters is presented in Table 6 . A high level of CRISP-3 resulted in a higher MOT (p < 0.05) and higher SQi, while a low level of CRISP-3 resulted in a lower NM (p < 0.05) and lower SQi.
| D ISCUSS I ON
Different studies have proposed candidate genes with functional importance for stallion fertility including CRISP-3 (Gottschalk et al., 2016) . Some polymorphic sites of this gene have been related to fertility and even to cryotolerance of stallion sperm (Hamann et al., 2007; Jobim et al., 2011) . However, previous reports that assess the influence of the CRISP-3 gene on the quality of raw stallion semen are limited. In a previous study, we have reported a relation between nonsynonymous SNPs of the CRISP-3 gene and post-thawing semen quality of Colombian Creole stallions.
Different homozygous and heterozygous genotypes had higher or lower results for motility, kinetics, sperm vitality, abnormal morphology and membrane functional integrity of spermatozoa (Usuga et al., 2018) .
A genomewide association study for semen quality traits included the CRISP-3 gene among the candidate genes influencing the fertility of German Warmblood stallions; specifically, the CRISP-3 gene on ECA20 chromosomal position was associated with sperm concentration (Gottschalk et al., 2016 ). In the current study, an association was found among all the nonsynonymous polymorphisms evaluated of the CRISP-3 gene, with the seminal quality expressed through MOT, SV, NM or MI of the spermatozoa (Table 3) Table 3 ). Despite this, the specific role of CRISP-3 on sperm motility, plasma membrane integrity or morphology is still unknown; however, it is known that puberty plays a role in the activation of equine CRISP-3 expression (Fedorka et al., 2017) , which coincides with the postpuberal increase in the stallion semen quality (Naden, Amann, & Squires, 1990) .
Compared with exploring the associations of SNPs in a gene with biological traits, research on haplotype combinations between multiple SNPs may be more constructive, among which interaction among SNPs can be considered (Liu et al., 2016) . In this investigation, it was observed that the haplotype of the CRISP-3 gene for the four SNPs included in our study has a great influence on MOT, SV, NM and MI (Table 4) The allelic substitution was consistent with the observed effect of the genotype of each polymorphism on seminal quality. Few regression coefficients were significant (p < 0.05); however, at least one of the CRISP-3 polymorphisms showed a positive or negative effect on MOT, SV and MI (Table 5) . Gottschalk et al. (2016) in a study where genes encoding cysteine-rich secretory proteins were included found that the allele substitution effects were partially positive or negative for traits of semen quality and all highly correlated SNPs showed the same sign for the allele substitution effects.
It was found that a high level of CRISP-3 protein in SP had the best results for MOT and SQi, showing an effect of this protein on stallion semen quality. It is not clear how this effect could be explained; however, it is known that equine CRISP-3 protein seems to be bound to the sperm head in large amounts (Magdaleno et al., 1997) . The CRISP-3 protein is characterized by a high content of cysteine residues (Udby et al., 2005) , and it has been reported that the cysteine residues that are found on the surface of proteins without a clear role in their function or structure seem to have a contribution in the antioxidant defence (Requejo, Hurd, Costa, & Murphy, 2010) . We recently reported that a high level of CRISP-3 protein in the SP has a positive effect on the total motility, progressive motility, straight line velocity, beat-cross frequency, sperm vitality and normal morphology of post-thaw stallion semen (Usuga et al., 2018) . Additionally, it is well known that CRISP-3 in SP of raw stallion semen is positively associated with the first-cycle conception rate (Novak et al., 2010) , which could be attributed to the positive effect of CRISP-3 on seminal quality described in this research.
| CON CLUS IONS
The current study demonstrated that the quality of stallion semen is influenced by the genotype of CRISP-3 and the concentration of CRISP-3 protein in SP. Moreover, it is concluded that different CRISP-3 genotypes and haplotypes derived from nonsynonymous polymorphic sites can be used as markers of stallion seminal quality.
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